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ABSTRACT 


The reflectance, R, solar absorptance, a , thermal emittance, e , and the a/e 
ratio were determined for several metals before and after bombardment by high 
velocity microprojectiles. Observed decreases of 1 to 26 percent in the reflec- 
tance of various metals were apparently dependent on the amount of surface 
area damaged as well as on the velocity of the impinging projectiles. The thermal 
emittance was observed to increase more than the solar absorptance, which 
resulted in a net decrease in the a/e ratio in all metals investigated except 
stainless steel 304, In the case of stainless steel 304, a and e were observed 
to increase equally, resulting in an a/e ratio apparently insensitive to micro- 
projectile bombardment* Recommendations for the continuation of these in- 
vestigations are outlined. 
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X. INTRODUCTION 


The radiation parameters of the vehicle skin greatly affect the energy passage 
to and from space vehicles. These parameters, in turn, vary with the physical 
conditions of the surface. A most important factor in altering the quality of 
the original surface is micrometeorite impact. It is necessary, therefore, to 
determine such effects by simulating the micrometeorite impact in the laboratory 
and to measure the consequent change in radiation parameters. 

Recognizing this need, the George C. Marshall Space Flight Center, NASA, 
awarded contract NAS 8-1642 to Avco RAD on 5 June 1961 for the Investigation 
of Spectral Emissivity of Metals after Damage by Particle Impact. This contract 
called for the measurement of the spectral emissivity of selected metals and 
for the determination of the effect of simulated micrometeorite impact on the 
emissivity of metal surfaces. The contract, originally written for 1 year, has 
been extended through 5 September 1963. Added to the original program was the 
determination of the ratio of solar absorptance to thermal omittance, for the 
selected metals in the temperature range -65 to 140 °C,and the measurement of 
the change of this ratio after microparticle impact. 

For administrative reasons, a "final" report on this work was issued on 13 August 
1962. The present report includes that material of the previous report which 
proved to be pertinent to the final results and to the evaluation of the problem. 

The work on this contract was initiated by Charles H. Leigh as principal investi- 
gator assisted by Stanely Wolnik. In December 1962, the responsibility for the 
work was transferred to Tibor S. Laszlo (principal investigator), Richard E. 
Gannon, and Albert Botha. The impacting facility was developed by J. Eckerman 
and W. McKay. 

A. THEORETICAL BACKGROUND 

Several authors^* 3 have demonstrated the effect of optical properties of a 
satellite on its equilibrium temperature. . 

The following expression, derived by Hass, Drummeter, and Schach* illustrates 
the importance of optical properties in the calculation of the equilibrium tem- 
perature of an orbiting satellite. 

' ( 1 ) 

<P S + P a ) ah + P, « A<r T m 4 
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where 

P s = direct solar radiation incident on the satellite 

P a s earth-reflected solar radiation incident on the satellite 

P, - earth-emitted radiation incident on the satellite 
c 

a = solar absorptance of the shell 

e = thermal emittance of the shell 

A = surface area of the shell 
<7 - Stef an -Boltzmann constant 

T m = mean orbital shell temperature, 

a e Cu 

Other authors^* * have recognized, at least qualitatively, the effect of surface 
roughness on the optical properties of materials* From these studies, it follows 
that a process, such as micrometeorite bombardment, that would alter the 
original surface of a satellite, would also alter its equilibrium temperature* 

Since there is no presently available information on the effect of micrometeorite 
bombardment on the surface finish of a satellite, or any quantitative correlation 
between changes in surface roughness and changes in optical properties, it be- 
came important to simulate the effect of micrometeorite impacts on candidate 
skin materials and to determine the resulting change in optical properties. 

To further illustrate that changes in surface roughness would effectively alter 
the optical properties of a satellite and consequently its thermal equilibrium, 
the following considerations are presented* 

The total amount of solar radiation intercepted by a specimen depends on its 
surface area projection on a plane perpendicular to the axis of solar radiation 
(the so-called shadow area)* The total amount of emitted radiation, in contrast, 
depends on the effective radiating area, and on its shape, since radiation is 
emitted in all directions of apace (2 tt). It can be seen that pits or cavities in the 
surface would affect the fraction of solar radiation absorbed by creating radiation 
"traps, " and that they would affect the thermal emittance by effectively enlarging 
the emitting surface area. 

A square specimen 1 cm on a side, for which the apparent macroscopic surface 
area is A = 1 cm^, might have a true (microscopic) surface area S equal to 5 or 
10 times A, because of the effect of surface roughness* If it is assumed that 
each small element of the surface radiates like an ideal specimen of the material, 
then the total radiation emitted from the surface would be 

where < 0 is the emittance of the undamaged surface. 


( 2 ) 


Because of surface roughness, much of this emitted radiation would be reflected 
from the surface several times before it could escape. At each reflection, part 

g 

of the radiation would be reabsorbed. For a surface having an area ratio — , 

A 

the average number of times the radiation would be reflected from the surface 

S 

before finally escaping would be approximately — - 1. Accordingly, the apparent 

A 


emittance of this surface would be 



(3) 


A better approximation for the effective emittance would take account of the 
fact that all the radiation emitted from a real surface is not reflected the same 
number of times; part of it escapes immediately without any reflection, part of 
it is reflected once, part of it twice, etc. Thus, iff (n) represents the fraction 
of radiation reflected n times, then the effective emittance of the surface is 
given by 


' “ f o-f* 2^ f(n) (1 — f Q ) n (4) 

n n 0 

where e Q is the emittance of the ideally smooth surface. 

In accordance with Kirchof£ l s Law, the absorptivity is equal to the emittance 
for opaque materials, provided all energy traffic takes place by radiation. This 
correlation, however, applies only for cases when the absorbed and emitted 
radiation have identical spectral distribution. In the case under consideration, 
this is not so. The solar radiation impinging on the skin of a space vehicle has 
the spectral distribution approximating that of a blackbody at 6000°K with the 
peak at 0. 48/;. The emitted radiation, in turn, because of the necessarily much 
lower temperature of the vehicle {300 to 600°I<) is mainly in the infrared with the 
peak above 4. 5/n Since the sldn material neither absorbs nor emits as a blackr 
body, the change in surface structure will affect first the fraction of solar radia- 
tion absorbed, then the temperature reached by the metal due to the absorbed 
energy* As the temperature increases, both the intensity and the spectral 
distribution of the emitted energy change* The intensity is further affected by 
the surface structure, as discussed above, and the spectral distribution is altered 
randomly because the surface is not a blackbody emitter. 

Accordingly, for the evaluation of the changes in radiative characteristics of a 
material in space, the ah value has to be detei'mined on a "new 11 (usually polished) 
surface, as well as on a surface bearing the simulated effects of all agents acting 
on it in space. In the present work, the effect of micrometeorite impact on se- 
lected metals was considered. 
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B. EXPERIMENTAL METHODS 
1. Micro meteorite Simulation 

Damage caused by micrometeorite impingement was simulated by exposing 
specimens to high velocity microparticles* In the initial phase of the pro- 
gram, the microparticles wore accelerated to velocities of 5000 ft/sec 
(1500 m/sec) by means of a powder charge and ballistic launch tube assembly* 
Later, they were accelerated to 23, 000 £t/sec (7800 m/sec) through the use 
of a light gas gun, Although this velocity is less than 25 percent of the esti- 
mated velocity of the slowest micrometeorites, the individual craters caused 
by their impacts are generally similar to craters caused by impacts of much 
higher velocity particles* This assumption is based on findings reported 
at the Fourth Symposium on Hypervelocity Impacts, ^ which showed that the 
general shape of craters caused by particle impacts is dependent upon the 
velocity of the impinging particle. Such craters can be divided into three 
categories corresponding to three projectile velocity regions {figure 1). 

Since the velocity of the microparticles used in the later phases of the pro- 
gram were well within the hypervelocity region, which presumably includes 
the velocities of micrometeorites, it was concluded that the general shape 
of the craters formed by the impacts of particles traveling at 20, 000 ft/sec 
(6800 m/sec) would be similar to those caused by micrometeorites traveling 
at 100,000 ft/sec (34,000 m/sec) or more. 

A 0. 220 caliber powder gun was used to achieve velocities of approximately 
5000 ft/sec (1500 m/sec) for the impinging particles in the initial state of 
the program, Zircoloy microspheres, 85 to lOOp in diameter (figure 2), 
were encapsulated in a plastic holder or "sabot' 1 (figure 3), The sabot 
was positioned at the end of a 2-inch long launch tube and accelerated by a 
powder charge exploded in the compression chamber. The sabot was re- 
moved by a specially designed stripper at the entrance to the vacuum chamber 
releasing the encapsulated particles at a uniform initial velocity. The 
specimen was mounted at the opposite end of the vacuum chamber, facing 
the launch tube orifice. The velocity of the particles, just prior to impact, 
was measured with a speed graphic and a rotating drum camera. A schematic 
of the powder gun and accompanying equipment is shown in figure 4. 

In the second stage of the program, a 0. 220 caliber light gas gun was 
modified to accelerate particle b to velocities as high as 23, 000 ft/ sec 
(7800 m/sec). The gun (figure 5) was loaded with a charge of 80 to 100 p 
diameter tungsten microparticles (figure 6) contained in a thin plastic 
envelope. The driver gas was compressed to high pressures and temperature 
first mechanically, and then by the detonation of a powder charge. At a 
predetermined pressure, a valve directly behind the powder charge was 
activated, exposing the charge to the high-pressure high-temperature gas. 

The plastic envelope was vapori^md immediately and the tungsten particles 
were accelerated through an evacuated chamber toward the target. The 
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velocity of the particles, just prior to impact, was measured by photographing 
the luminous streaks of individual particles with a rotating drum camera. 

A strip film from the rotating drum camera showing the luminous streaks is 
shown in figure 7, The velocity of the individual particles can be calculated 
from the knowledge of the diameter and speed of the camera, and a mea- 
surement of the angle of inclination of the streak on the film. Analysis of 
the films indicates an average velocity of 19 500 ± 1, 500 ft/sec (5900 ± 
500m/sec) (17, 000 ± 1, 500 £t/sec (5200 ± 500 m/sec) in the case of gold}. 

Figure 8 is a photomicrograph of a gold specimen after bombardment by the 
high velocity (~ 17, 000 ft/sec (5200 m/sec)) tungsten microparticles. 

The a/e specimens were first bombarded on one side, turned over, and 
bombarded on the other side. Figure 9 is a photomicrograph of a cross 
sectional area of the impacted gold specimen showing a profile of two of 
the craters, 

2, Surface Characterization 


There are no acceptable standard procedures for the characterization and 
unequivocal definition of solid surfaces* {In addition, the lack of uniformity 
of the impacted surfaces only served to complicate the problem. ) Both 
interference microscopy and profilometry were tried and found to be inadequate 
due to the difficulty in adapting them to the measurement of relatively large 
surfaces and to craters larger than 100^, Consequently, a technique of 
measuring the diameters and depths of a representative number of individual 
craters by means of a microscope was adopted. The distribution of crater 
sizes thus obtained was assumed to be representative of all the craters in 
a given material. 

In the initial phase of the program, during impacting with 5000 ft/sec (1500 
m/sec) particles, it was thought necessary to randomly select a representa^ 
tive number of craters for measurement. In the case of the specimens 
impacted in the light gas gun, however, the large number of craters and wide 
distribution of sizes made the adoption of a statistical sampling technique 
necessary. Accordingly, greatly enlarged photographs (20X) of the impacted 
disks were divided into nine 40-degree segments. Three segments were 
randomly selected for precise measurements of the number and diameter 
of all the craters observed. The results were then extrapolated to include 
the entire surface. 

To test the validity of the sampling technique, the craters in three 40-degree 
segments of a specimen were counted. The results showed counts of 255, 

.253, and 285 craters for an average of 264 craters per segment, indicating 
a total 2376 craters for the entire surface. The craters in all the segments 
were then counted and found to total 2436. The difference of 60 in about 
2400 is well within the bounds of the expected error in counting numbers of 
this magnitude. 
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The diameter of each crater in the selected segments was measured on the 
enlarged photograph with a micrometer eyepiece* The average diameter of 
the craters was calculated from this tabulation. The depths of the craters 
were measured with an Ultrapliot microscope. The microscope was first 
focused on the upper edge of the crater and then again on the bottom. The 
distance between the two foci as indicated on a micrometer scale was taken 
as the crater depth. The determination of the average depth of the craters 
by the sampling technique employed in determining the average diameter 
was rejected because of the time required for each depth measurement. 
Instead, the depth-to -diameter ratio of the craters in each material was 
established by a limited number of accurate depth and diameter measure- 
ments* Since, theoretically, ^ this ratio is constant for a given material 
impacted by particles of a uniform velocity, the distribution of depths was 
calculated from this ratio and the previously determined diameter distribu- 
tion. 

3, Reflectance Measurements 

The reflectivity of the specimens between 2 and 25 \t was measured by a 
method similar to the one described by Gier, Dunkle, and Beyans. ® In 
this method, the specimen was placed within a blackbody enclosure, or 
Hohlraum, so that it was uniformly irradiated with blackbody radiation from 
a solid angle of Zn steradians. The blackbody was maintained at a constant 
temperature between 1100 and 1300° C for each series of readings and the 
specimen was maintained at room temperature by means of a water-cooled 
specimen holder* The blackbody radiation from the walls of the Hohlraum 
was reflected by the specimen and directed through a small aperture into an 
infrared spectrophotometer for spectral analysis. The Hohlraum was then 
rotated 180 degrees so that now the blackbody radiation was directed into 
the spectrophotometer for direct comparison of the radiation incident at, and 
reflected by, the sample. Measurements of both the incident and reflected 
radiation were made at 1/f intervals from Z to 25 A diagram of the ex- 
perimental setup is presented in figure 10 and a photograph of the Hohlraum, 
the transfer optics, and the spectrophotometer is shown in figure 11. 

The errors inherent in this method of measuring infrared reflectance are 
discussed by Dunkle, Ehrenburg, and Gier. ^ An error may be caused by 
specimen emission if it is heated above room temperature. This error 
will be small for the highly polished metals but could be appreciable for 
the impacted specimens. Efficient water cooling of the specimen and in- 
stantaneous radiation measurements must, therefore, be relied on to 
minimise the self-emission error. Figure 12 shows the ratio of the error 
to the spectral emittance as a function of wavelength for a 27, 8* K rise in 
specimen temperature at a Hohlraum temperature of HOO^F. It can be 
seen that this value is negligible at wavelength less than 10 p. but that it in- 
creases to about 0*035 at 25//, 
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Another source of ex*ror arises from temperature differences within the 
Hohlraum. The magnitude of this error as a function of wavelength is also 
shown in figure 12, The example given, for a 5.5 °K difference between 
the mean temperature of the Hohlraum and the reference area within the 
Hohlraum, indicates only a small error for wavelengths greater than Zfi. 
Since, for the current measurements, the temperatures within the cavity 
were monitored at four separate locations including the reference area 
and maintained within 1 °K of each other, errors from this source are 
considered negligible. 

A third source of error is introduced when the specimen exhibits appreciable 
diffuse reflectance. This can be neglected in the case of highly polished 
specimens but may be significant in the case of the impacted specimens. 

4. Solar Absorptance and Thermal Emittance Measurements 


The method used to measure the solar absorptance (a), thermal emittance 
(0 and the ratio of a/e , between the temperatures of -30 and 200 °C, was 
similar to the methods used by Butler, et al, 10 Gaumer, H and Gordon. * 

It is based on the following considerations: the rate at which the tempera- 
ture of a surface changes due to the absorption of solar radiation, can be 
expressed by the following equation: 


dT h /dt 


aal 

raCp 


(5) 


where 


dT^/dc = rate of temperature change of the surface due to absorption 

a - absorbing area 

I “ intensity of the incident radiation 

m " mass of the specimen 

Cp = heat capacity of the specimen. 

The spacecraft or specimen, while being heated by solar radiation, emits 
thermal radiation of a different intensity and spectral distribution* The 
rate of energy loss due to thermal emittance can be expressed by the 
following: 


dT c /dt « 


AtffT 4 

mCp 


( 6 ) 
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where 


dT c /dt = rate of temperature change due to emittance 

A = radiating area 

o = Stefan-Boltzmann constant 

T = temperature of the specimen* 

At equilibrium, 


dTj/dt = dT c /dt 


or 

actl Ae<?T E 4 
m Cp. m Cp 


and 


T ^ , gal 
^ e Act 


(7) 


Thus, the equilibrium temperature (t e ) of a given size specimen exposed 
to a constant intensity radiation (i), is a function only of the a I a ratio* 

For the same wavelength the aft value is unity in accordance with Kir choff* s 
law* The ratio of total absorptance to the total emittance, however, can 
be any value because in general the spectral distribution of the incident 
radiation is different from that of the emitted radiation. When solar radiation 
impinges on a solid surface, the absorptance of that surface, in the spectral 
range of the solar radiation (approximately 6000 °K Mackbody radiation), 
defines the amount of absorbed energy. The energy emitted by the surface, 
on the other hand, i& of a longer wavelength since it originates at a surface 
much colder than the Sun, but it may total either more or less than the 
solar energy absorbed at the surface. Values ranging between 0* 2 and 14 
have been reported for the ah ratio of various materials* ^ 

In practice, one side of the specimen was irradiated by simulated solar 
radiation from a mercury -xenon lamp, while the opposite side and edges 
radiated to the blackened, liquid nitrogen cooled walls of an evacuated 
chamber* By solving equations (5) and (6) for a and q respectively, it 
can be seen that a can be obtained from the heating rate, and € from the 
cooling rate. 
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a 


( 8 ) 


mCp 

nl 


dT|,/dc 


and 1 

m C„ 

£ „ P dT c /dt (9) 

Aa(T 4 - T v f ) 

Since all tlie quantities on the right hand side of the equations can be mea- 
sured or obtained from the literature, both a and t can be calculated* 


Although the ratio aft can be calculated from the above data, it can also be 
obtained from the steady state measurement of the equilibrium temperature 
by the following equation derived from equations (8) and (9)* 


a/e 


Ag( T E 4 -T w 4 ) 
a I 


(10) 


A photograph of the apparatus used for the ale measurements is shown in 
figure 13. The specimen, a 0. 5-inch diameter disc f 0. 06 -inch thick, was 
suspended in the evacuated cylinder in front of the silica window on a 
chromel-alumel thermocouple. 


The hot junction of a 40 -gage thermocouple was cemented with a thin layer 
of conducting Sauer eisen cement into a 0. 018 -inch diameter hole drilled 
radially into the side of the specimen. The temperature change, as indicated 
by the thermocouple using an ice bath reference junction, was recorded as 
a function of time on a strip-chart recorder using a chart speed of 0. 5 
in. /min. 


The chamber was evacuated by a pumping system which consisted of a mechani- 
cal pump, a three-stage oil diffusion pump and a Vacion pump. 

In the early stages of the investigation, a mercury diffusion pump was used. 
Evidence of an amalgam coating on the gold specimen indicated that a cleaner 
vacuum was necessary, The mercury diffusion pump was, therefore, replaced 
by the oil diffusion pump and the Vacion pump was incorporated into the sys- 
tem. The Vacion pump eliminated the need for the diffusion and mechanical 
pumps during the measurements as they were only required to reduce the 
initial pressure to below 10 - ^ mm Hg. After reaching this vacuum, both the 
diffusion and mechanical pumps were turned off and the vacuum was maintained 
and improved solely by the Vacion pump. The measurements were made at 
pressures of less than 10 ^ mm Hg. This vacuum was deemed sufficient 
for the measurements; Butler and Inn, as well as Gordon^ 2 found that at 
pressures less than 10“^ mm Hg, any effect of conduction through the gas 
was negligible. 



The radiation source was a Hanovia 1000 -watt xenon-filled mercury arc 
lamp* The spectral distribution of its radiation is approximately that of 
the solar spectrum, although considerably richer in ultraviolet radiation. 

The lamp was mounted on an optical bench in front of the window of the 
specimen chamber. The intensity of the radiation incident on the specimen 
was controlled by varying the position of the lamp along the optical bench* 

The radiant flux incident on the specimen for various positions of the source 
was evaluated by irradiating a blackened (Parson 1 s Black, e = 0* 985) copper 
calorimeter disc, the same size as the specimen mounted inside the vacuum 
chamber. The flux, I , was calculated using the following equation: 

m dT/ dt 

i= . — p (id 

cca 

where: 

m ~ mass of the calorimeter 

Cp - specific heat of copper 

dT/dt = heating rate 

a - the irradiated area 

a = absorptance of the black surface (0.985). 

I includes the simulated solar radiation from the lamp as well as a correc- 
tion factor because of stray or reflected radiation from the walls and window 
of the chamber. 

To be able to determine the incident flux on the specimen at the time when 
the equilibrium temperature is achieved, a correlation between the incident 
flux and the output of an external thermopile was measured. The results 
of several runs to establish this correlation, £ nd to later substantiate it, 
are given in figure 14, For each run, the external thermopile output reading 
(mv) was taken when the specimen had reached equilibrium temperature. 

The incident flux at that time was then obtained from the correlation curve* 
The data from several runs to establish this correlation indicate a precision 
of better than percent. 

To investigate the effect of variations in line voltage on the output of the mer- 
cury-xenon lamp, the voltage to the lamp was varied by means of a slide 
wire resistor. The a A for an impacted platinum specimen was determined 
with the lamp at a given distance from the specimen, but at three different 
line voltages. For each voltage, a different flux, as measured by the ex- 
ternal thermopile, as well as a different equilibrium temperature, was 
recorded* The measured a/e , however, was constant. The results of the 
three determinations follow: 
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Line 

Voltage 

Thermopile 

Reading 

(mv) 

Flux 

{cal/cm^/ sec) 

Equilibrium 

Temperature 

<°C) 

a/e 

106. 2 

0.379 

0. 0155 

51 

2. 25 

109.7 

0.413 

0. 0170 

58 

2. 24 

112. 2 

0.451 

0. 0185 

65 

2.24 


From these data, it was concluded that line voltage variations resulted in 
corresponding variations in the radiant flu# and specimen temperature. 

By nearly simultaneous measurements of the flux and temperature, however, 
the results of the a/e measurements were not affected. Since such measure- 
ments are possible only under steady state conditions, a/r values obtained 
by the temperature equilibrium method were considered to be more reliable 
than values calculated from rate measurements. 












T 
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II. RESULTS AND ANALYSIS 


The results of the surface characterization measurements showing the number 
of craters in each specimen, their average diameter and depth, their depth to 
diameter ratio, and total area damaged are shown in table I. The distribution 
of the diameters of the craters are given in figures 15 through 31. 

The wide distribution of crater sizes, particularly the large number of craters 
smaller than 50 \i % in the light gas gun exposures, was apparently caused by the 
presence of foreign particles in the gas stream. These foreign particles are 
shown in the strip films as a cloud of fine particles traveling at somewhat slower 
velocities behind the initial wave of tungsten particles* The presence of such 
foreign particles in the gas stream was substantiated by a test firing into a tube 
of silicone grease. A photomicrograph of the grease showed the presence of a 
large number of particles smaller than 20 Although the impingement of 
foreign particles on the specimen makes analysis based on ballistic theory 
difficult, it had the effect of a better simulation of the micrometeorite dust 
encountered in space and resulted in impacted surfaces more like those expected 
from the bombardment by particles of different shapes and sizes. 

An apparent anomaly exists in the fact that the average dimensions of the craters 
resulting from the low velocity (5000 ft/ sec (1500 m/ sec)) impacts are larger 
than those resulting from the high velocity impacts. This is undoubtedly due to 
the large number of small foreign particles present in the light gas gun exposures 
which resulted in a prevalence of small craters that effectively lowered the 
average dimensions. The composite photographs (figures 32 to 35} showing the 
specimens after impact by both high (20, 000 ft/sec (7000 m/sec}) and low 
(5000 ft/ sec (1500 m/sec)) velocity microprojectiles, are more illustrative of 
the effect of the velocity and/or density of the impinging particle than is a com- 
parison of the average dimensions of the craters. 

Part A of each photograph represents the surface of the sample impacted by 
Zircaloy particles traveling with an average velocity of 5000 ft/ sec {150Q m/sec). 
The portion marked with B represents metal surfaces damaged by tungsten 
particles of 20, 000 ft/sec (7000 m/ sec) velocity. On all metal samples investi- 
gated, the damage done by impacting at the lower velocity shows fewer number, 
smaller diameter craters than is the case with samples impacted at the high 
velocity. In addition, the rims of the craters protrude much more from the 
surfaces damaged by the high velocity particles. It is obvious that these visually 
observable surface differences cause marked changes in such optical properties 
as reflectance, solar abaorptance, and thermal e mi ttance. 

The effect of the momentum of the impinging projectiles is also evident in the 
graphs of the distribution of crater sizes (figures 15 to 31). In the cases of high 
velocity impacts (20,000 ft/sec (7000 m/sec)) craters as large as 900 were 
measured whereas in the cases of low velocity (5000 ft/sec (1500 m/sec)) the 
largest craters measured where less than 350 /i in diameter. 
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TABLE I 


DESCRIPTION OF DAMAGE TO SPECIMENS 




Projectile 

Number of 

Average 

Average 

Depth 

Area 

Knoop 

Material 

Velocity 

Craters 

Diameter 

Depth 

Diameter 

Damage 

Hardness 



{ft/ sec) 

(m/sec) 


(microns) 

(microns) 

(microns) 

(percent) 

100-g load 

A1 

R 

5, 000 

1500 

549 

123 

289 

2, 35 

■BB1 

22 

A1 

R 

20, 000 

7000 

7, 830 

54 

183 

3.39 



A1 

a/e 

20, 000 

7000 

19,467 

27 

78 

2.87 

mam 


Au 

R 

5,000 

1500 

630 

213 

241 


9.99 

40 

Au 

R 

17, 000 

5200 

5, 526 

63 

61 


21.47 


Au 

a/e 

20,000 

7000 

8, 380=:- 

53 

60 

IB 

29.68 


SS 304 

R 

5,000 

1500 

327 

mm 

172 

M 

1.42 

219 

SS 304 

R 

20, 000 

7000 

3, 672 


179 

m 

17.44 


SS 304 

a/e 

20, 000 

7000 

6,012 

mm 

124 

1.68 

19.04 


Cr 

R 

5,000 

1500 

663 

M 

196 

1.51 

3.88 

697 

Cr 

R 

20, 000 

7000 

3, 321 

1 

239 

1.91 

21.10 


Cr 

a/e 

20, 000 

7000 

1,764- 

WBM 

237 

2. 12 

11.40 


Ft 

R 

20, 000 

mm 

2, 844 

182 

— 

1.04 

38. 20 

120 

Ft 

a/e 

20, 000 


4,099* 

122 

mm 1 

1.04 

34. 24 


SS 316 

R 

5, 000 

1500 

438 

205 

186 

0.91 

6.43 


W 

R 

5, 000 

1500 

■ 

456 

120 



2. 27 


Ag 

R 

5, 000 

1500 

710 

175 

306 

1.75 

7.61 



: :=Total number of craters on both sides of a/e specimens. 

































































NUMBER OF CRATERS 



Figure 15 DISTRIBUTION OF CRATER DIAMETERS IN IMPACTED ALUMINUM (SHOT 53)- 
REFLECTANCE SPECIMEN, 5000 FT/SEC (1500 M/SEC) PROJECTILES 

62-6173 
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NUMBER OF CRATERS 



DIAMETER, micront 


Figure 16 DISTRIBUTION OF CRATER DIAMETERS IN IMPACTED GOLD (SHOT 67)— 
REFLECTANC&SPECIMEN, 5000 FT/SEC (1500 M/S EC) PROJECTILES 

62-6170 



NUMBER OF CRATERS 



Figure 17 DISTRIBUTION OF CRATER DIAMETERS IN IMPACTED STAINLESS STEEL, 
TYPE 304 (SHOT 465--REFLECTANCE SPECIMEN, 

5000 FT/SEC (1500 M/SEC) PROJECTILES 
62-6176 
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Figure 19 DISTRIBUTION OF CRATER DIAMETERS IN IMPACTED STAINLESS STEEL, 
TYPE 316 (SHOT 47)--REFLECTANCE SPECIMEN, 

5000 FT/SEC (1500 M/SEC) PROJECTILES 
62-6179 






NUMBER OF CRATERS 


TOTAL NUMBER OF CRATERS =710 
NUMBER MEASURED FOR THIS FIGURE = 92 



Figure 20 DISTRIBUTION OF CRATER DIAMETERS IN IMPACTED SILVER (SHOT 68)— 
REFLECTANCE SPECIMEN, 5000 FT/SEC (1500 M/SEC) PROJECTILES 

62-6188 
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Figure 21 DISTRIBUTION OF CRATER DIAMETERS IN IMPACTED TUNGSTEN (SHOTS 
65 AND 66)- REFLECTANCESPECIMEN, 5000 FT/SEC 
(1500 M/SEC) PROJECTILES 
62-6185 


- 33 - 




NUMBER OF CRATERS 














DUMBER OF CRATERS 





~ 0 SO 50 100 150 200 250 300 350 400 450 


DIAMETER* mlcrana 


6M0973 


Figure 27 DISTRIBUTION OF CRATER SIZES IN IMPACTED STAINLESS STEEL 
TYPE 304— A SPECIMEN, 20, 000 FT/SEC 17000 M/SEC) PROJECTILES 
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Figure 32 COMPOSITE PHOTOGRAPH OF ALUMINUM SPECIMENS DAMAGED BY HIGH 
AND LOW VELOCITY PROJECTILES; A— 5000 FT/SEC Cl 500 M/SEC), 

B— 20,000 FT/SEC (7000 M/SEC) 




63-10779 
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Figure 34 COMPOSITE PHOTOGRAPH OF STAINLESS STEEL 304 SPECIMENS 
DAMAGED BY HIGH AND LOW VELOCITY PROJECT!! ES; 

A — 5000 FT/SEC (1500 M/SEC), B— 20,000 FT/SEC 
(7000 M/SEC) 


100 X 
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63-0781 
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Figure 35 COMPOSITE PHOTOGRAPH OF CHROMIUM-PLATED COPPER SPECIMENS 
DAMAGED BY HIGH AND LOW VELOCITY PROJECTILES; 

A— 5000 FT/SEC (1500 M/SEC), 

B— 20,000 FT/SEC (7000 M/SEC) 
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Another anomaly is apparent in the relatively large depth-to-diameter ratios ob- 
served for the craters of the impacted specimens. Present ballistics theories 
predict that craters caused by particles traveling at velocities as high as 20, 000 
ft/sec (7000 m/sec) should have a depth-to-diameter ratio of 0.5. This theory, 
however, was based on data obtained from impacts of large single projectiles 
and may not apply to impacts of small particles. This may be particularly true, 
as in this case, where the impacting particles are the same order of magnitude 
as the grain size of the target and thus may have a different mechanism of pene- 
tration. Similar cases investigated by Gehring 1 ^ showed depth-to-diameter ratios 
as high as 10:1 where microproj ^ctiles (^40 ft) penetrated a target along a grain 
boundary. Although no craters with these proportions were found in the present 
work, it is likely that the same mechanism is responsible for the large depth-to- 
diameter ratios observed. 

The infrared reflectance of the specimens before and after impacting is presented 
in figures 36 through 43. Data on aluminum, gold, chromium- plated copper, 
stainless steel 304, and silver are given for specimens impacted by particles trav- 
eling at both 5000 and 20,000 ft/sec (1500 and 7000 m/sec), whereas the data on 
tungsten and stainless steel were obtained only for specimens impacted by 5000 
ft/sec (1500 m/sec) particles, and platinum only 20,000 ft/sec (7000 m/sec). In 
all cases, the infrared reflectance of the impacted specimens was observed to be 
less than that of the polished specimen. 

After exposure to low velocity impacts, the reflectance of the metals was observed 
to decrease between 1 and 10 percent, whereas after exposure to high velocity im- 
pacts, the reflectance was observed to decrease between 10 and 26 percent. The 
changes in reflectance per crater and per area damaged are given in tables II and 
III. The differences in the results for the two sets of data must be caused by the 
differences in the sizes of the craters, since the data have been normalized, as 
far as number of craters and damaged area are concerned. 

The a/e measurements for the metals investigated, before and after impacting by 
simulated micrometeorites c are given as a function of temperature in figures 44 
through 48. These data, obtained from steady state measurements, using equa- 
tion (10), show that the ah of all the specimens, with the exception of stainless 
steel 304, decreased after exposure to the simulated micrometeorite bombardment. 

The observed constancy of the a/e ratio for the stainless steel specimen was veri- 
fied by repeated measurements at several temperatures on both polished and im- 
pacted specimens. The results of the four sets of data are given in figure 18. If 
this apparent insensitivity of the optical properties of stainless steel to micropar- 
ticle impingement can be substantiated at other levels of surface damage, the ad- 
vantages of the use of this material as a satellite skin are obvious. It is empha- 
sized, however, that additional experimentation is necessary to verify this con- 
clusion. 
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TABLE II 


REFLECTANCE BEFORE AND AFTER IMPACT BY 5000 FT/SEC 
(1500 M/SEC) ZIRCALOY PARTICLES 


' 

Material 

j 

Number 

of 

Craters 

Area 

Damaged 

(percent) 

TV 

R o 

Z to 24 
(percent) 

A1 

549 

3.41 

97.66 

An 

630 

9. 99 

97. 58 

SS 304 

327 

1.42 

87.84 

Cr - 

663 

3. 88 

92.55 

SS 316 

438 

6.43 

88. 39 

W 

456 

2.27 

96.50 

Ag 

710 

7. 61 

97. 93 


95.81 
91.49 
86. 11 
89- 11 
85.55 
92.95 
89. 73 


Ar 

(percent) 

Ar/r o 

1.85 

1.90 

6.09 

6.24 

1. 73 

1.97 

3.44 

3. 72 

2. 84 

1 3.21 

3.55 

3. 67 

6. 20 

8. 37 


0.557 

0.625 

1.387 

0.957 

0.533 

1.335 

1.226 


Chromium-plated copper 

Percent reflectance values obtained by integrating spectral reflectance curves between Z and 24 fu 



















TABLE in 


REFLECTANCE BEFORE AND AFTER IMPACT 
BY 20, 000 FT/SEC (7000 M/SEC -ZIRCALOY PARTICLES 


Material 

Number 

of 

Craters 

Area 

Damaged 

(percent) 

R o 

2 to 24/* 
(percent) 

V *V» 

R i 

2 to 24 ft 
(percent) 

AR 

(percent) 

AR/R C 

AR/R 0 

Ar/r o 

A 

N 

A1 

7830 

18*88 

97.66 

76. 17 

21.49 

22*00 

1. 17 

* 0028 

Au 

5474 

21.79 

97.58 

96.97 

10.61 

10.87 

0.50 

.0020 

SS 304 

3672 

17.45 

87.84 

75. 17 

12.67 

14.42 

0.83 

. 0039 

Pt 

2844 

38.28 

94.37 

70.10 

24.27 

25.71 

0.67 

.0090 

*CR 

3321. 

21.08 

92.55 

76.28 

16.27 

17.57 

! 

0.83 

.0053 


^Chromium plated Copper 

-"-Percent reflectance values obtained by integrating spectral reflectance curve between 2 and 24 p. 
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Figure 36 SPECTRAL REFLECTANCE OF ALUMINUM 
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Figure 42 SPECTRAL REFLECTANCE OF TUNGSTEN 



IMPACTED 5000 FT/SEC (I 500 M/SEC) 
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Figure 45 OF GOLD 
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In observing changes in a/e due to micrometeorite bombardment, the variation 
in the relation of two independent properties was measured. For analytical 
purposes, the direct measurement of each of the independent properties is more 
meaningful* For this reason, a and £ were determined independently by heating 
and cooling rate measurements as indicated in equations (8) and (9). The results 
of these rate measurements, giving a and £ of the specimens before and after 
impacting as well as their ratio, the change of each property, and their percentage 
change, are shown in table IV* The results show that, although the ratio of 
a to £ decreased in all cases, the individual values of both a and e increased* 

The effective increase in both a and e is most likely caused by the increase in 
surface area, a value which was not incorporated into the equations. Inclusion 
of the surface area increase in the calculations effectively normalizes the a and 
€ values and consequently would not indicate the change in the optical properties 
due to impacting* 

Explanations, based on the increase in surface area or on Lambert 1 s cosine law 
concerning the change in angular emittance with crater size and shape, can be 
advanced to account for the relatively large increases in e as compared to the 
increases in a. Neither explanation, however, accounts for the apparent in- 
sensitivity of the a/e of stainless steel* 

In table V, the materials are arranged in order of decreasing percentage changes 
of a, f , and surface area, average crater diameter, average crater depth, depth/ 
diameter ratio and number of craters* 

A direct correlation between these parameters cannot be established from the 
available data. Additional experiments involving controlled variations in the 
number, size, and depth of the craters are required to establish such a corre- 
lation. 
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TABLE IV 

EFFECT OF MICROMETEORITE IMPACTS ON OPTICAL PROPERTIES 


Mate rial 


Aluminum 

0. 18 

Gold 

0.27 

Platinum 

0.24 

Chromium 


plated 

Copper 

0.41 

Stainless 


Steel 304 

0.23 


0.63 

0.36 

0. 68 

0.44 

0. 58 

0. 17 


Aa/a 0 

x 100 
(percent) 

£ 

e 1 

Ae 

x 100 
(percent) 

a o /f o 

311 

0.044 

0.367 

0.323 

735 

4.0 

• 

133 

0.047 

0.250 

0,203 

440 

6,0 

183 

0.059 

0.336 

0.277 

470 

4.0 

41 

0.106 

0.222 

0,116 

109 

3. 8 

83 

0.084 

0.167 

0,083 

98 

2. 8 


a Q and f Q refer to the measured a and e values of the polished specimen and 
<*: and f: refer to the properties of the impacted specimens. 


[percent) 


-50 

-58 

-50 







































in. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 
♦ 

1* Bombardment by microprojeetiles traveling at ~5, 000 ft/sec 
{1500 m/sec} was observed to decrease the reflectance o£ various 
metals by 1 to 10 percent. Similar bombardment by microprojectiles 
traveling at ^20, 000 ft/ sec (7000 m/sec) caused decreases of 10 to 
26 percent. 

2. Bombardment by microprojeetiles traveling at ^20, 000 ft/sec 
{7000 m/sec) caused marked decreases in the solar absorption, thermal 
emittance ratio (a ft ) of four metals {Au, Ft, Al, Cr plated Cu) but did 
not affect the a A value of stainless steel 304, 

3. Separate measurements of a and e showed that in the cases where 
the a/e value decreased, each of the two optical properties, a and t , 
increased but that the increase in e was greater, hi the case of stain- 
less steel 304, where the ratio remained constant, both a and e were 
observed to increase at approximately the same rate, 

B, RECOMMENDATIONS 

It is recommended that these investigations be continued in the following 
direction. 

1. It was found that for stainless steel 304, the aU value is the same 
for the highly polished metal and for the metal damaged by particle 
impact. The a/e value for this metal was also found to be independent 
of the intensity of the radiation within the limits used in the measure- 
ments. This finding is very important in the selection of space vehicle 
skin material. With this material, the thermal energy through the 
vehicle wall and thus the thermal equilibrium within the vehicle would 
not be affected by the progressive change from a highly polished surface 
to a damaged surface. Before this information is applied, however, it 
must be substantiated by additional measurements. 

Further, there is no reason to believe that this alloy is the only one ex- 
hibiting such behavior. Thus, it is recommended that the investigation 
be extended to other metals and alloys which, because of their other 
properties, can be considered for space vehicle skin material. 

2. During the present work, only one impact density at each velocity 
has been applied to each investigated metal surface. At present, no 
definite knowledge is available on the micronic teorite density in space. 
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Should such information become available in the near future from actual 
measurements in space, the data obtained with the one impact density 
cannot be applied reliably to the actual values* 

Thus, it is recommended that the measurement be performed at several 
impact density levels to develop a correlation between the change in 
a / € and particle impact density. 

3, The results so far obtained show that the reflectance, and con- 
sequently the emittance, of the investigated metals are greatly affected 
by an increase in the velocity of the impacting particles. The highest 
velocity used was 20, 000 ft/sec (7000 m/sec), a value considerably 
lower than the estimated velocity of micrometeorites in space. It 
appears to be important to continue these investigations by using par- 
ticle velocities of 40, 000 to 50, 000 ft/sec {14, 000 to 17, 000 m/sec) to 
better simulate micrometeorite impacts. The resulting optical proper- 
ties of the specimen will consequently be more representative of the 
optical properties of satellite skin materials exposed to micrometeorite 
impact in space. 

Work at these high velocities may also reveal that the change in optical 
properties "diminishes 11 beyond a certain impact velocity. Therefore, 
it may not be necessary to further develop impacting techniques to at- 
tain the estimated velocity of micrometeorites in space. 

4* Materials other than metals may also be considered as skin mate- 
rial. Several refractory compounds have better corrosion and erosion 
properties than metals. Further, there is a greater possibility to con- 
trol the optical properties of such refractories. Work at RAD has shown 
that the emittance of some refractories is greatly increased by adding 
1 percent of certain metal oxides. Such an addition should not adversely 
affect the refractory and mechanical properties of the system. Also, 
indications have been found that, for at least one pure refractory, the 
total normal emittance is independent of the surface finish. 

Such refractories would very likely be applied as coatings on metal 
substrates. Thus, it is recommended to measure the ah value of 
such coatings in the freshly prepared and damaged condition. 

5. Up until now, only a relatively minor effort has been made to cor- 
relate the observed changes in the optical properties with established 
radiation laws. To better understand these changes, attempts should 
be made to explain them on the basis of surface area changes and/or 
Lambert*© cosine law, and to reconcile the changes with Hagen-Rubens 
radiation laws as well as with the Drude relationships. 
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